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Tetrapod limbs, forelimbs and hindlimbs, emerge as limb buds during development from appropriate positions along the rostro-caudal axis of
the main body. In this study, tissue interactions by which rostro-caudal level-specific limb initiation is established were analyzed. The limb bud
originates from the lateral plate located laterally to the paraxial mesoderm, and we obtained evidence that level-specific tissue interactions between
the paraxial mesoderm and the lateral plate mesoderm are important for the determination of the limb-type-specific gene expression and limb
outgrowth. When the wing-level paraxial mesoderm was transplanted into the presumptive leg region, the wing-level paraxial mesoderm
upregulated the expression of Tbx5, a wing marker gene, and downregulated the expression of Tbx4 and Pitx1, leg marker genes, in the leg-level
lateral plate. The wing-level paraxial mesoderm relocated into the leg level also inhibited outgrowth of the hindlimb bud and downregulated Fgf10
and Fgf8 expression, demonstrating that the wing-level paraxial mesoderm cannot substitute for the function of the leg-level paraxial mesoderm in
initiation and outgrowth of the hindlimb. The paraxial mesoderm taken from the neck- and flank-level regions also had effects on Tbx5/Tbx4
expression with different efficiencies. These findings suggest that the paraxial mesoderm has level-specific abilities along the rostro-caudal axis in
the limb-type-specific mechanism for limb initiation.
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Limb development of a tetrapod is initiated from particular
regions along the primary body axis, forelimb buds arising at a
specific level near the head and hindlimb buds arising at a level
near the tail. Early limb initiation serves as a fascinating model
system to examine how a particular structure can be formed in an
appropriate position. Knowledge of early mechanisms of level-
specific limb initiation will enable us to address mechanisms for
diversification of limb position in vertebrates, each of which has
its own position of limbs along the primary body axis.
It has been postulated that T-box transcription factors, Tbx5
and Tbx4, and a paired-like homeodomain factor, Pitx1, play☆ Role of paraxial mesoderm in Tbx5/Tbx4 expression.
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expression starts in the presumptive forelimb region, and the
expression is maintained in the forelimb bud during limb
development, whereas the expression of Tbx4 and Pitx1 is
totally hindlimb bud-specific (Gibson-Brown et al., 1998; Isaac
et al., 1998; Logan et al., 1998; Ohuchi et al., 1998; Saito et al.,
2002). Studies on gain-of-function and loss-of-function of
Tbx5, Tbx4, and Pitx1 suggest that these molecules are involved
in the limb initiation process, associating with several members
of the Fgf and Wnt families (Minguillon et al., 2005; Agarwal et
al., 2003; Takeuchi et al., 2003; Rallis et al., 2003; Garrity et al.,
2002; Ahn et al., 2002; Ng et al., 2002; Marcil et al., 2003).
Minguillon et al. (2005) suggested that the role of Tbx5 in
initiation of forelimb outgrowth is exchangeable for Tbx4. Pitx1
is thought to be the upstream regulator of Tbx4 (Logan and
Tabin, 1999; Szeto et al., 1999), and both Pitx1 and Tbx4 are
necessary for hindlimb outgrowth. Some chick studies on Tbx5,
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selector genes for limb identity (Takeuchi et al., 1999;
Rodriguez-Esteban et al., 1999; Logan and Tabin, 1999),
while a recent study using genetic methods in the mouse
(Minguillon et al., 2005) has suggested that Tbx5 and Tbx4 do
not determine limb-specific identities, but that Pitx1 plays a role
in the specification of hindlimb-type identity. Whichever is the
case, it is thought that Tbx5 and Tbx4/Pitx1 are accurate markers
of forelimb and hindlimb identity (Minguillon et al., 2005), and
it is likely that limb-type-specific induction of Tbx5 and Tbx4/
Pitx1 is crucial for level-specific limb initiation.
Despite a considerable accumulation of knowledge about
functions of these genes in limb initiation/outgrowth and
identity, little is known about the upstream mechanism for limb
initiation/outgrowth in each limb region. In the present work,
we performed several microsurgical manipulations in early
chick embryos in order to examine effects of the paraxial
mesoderm (i.e., the segmental plate and/or the somites) on
Tbx5/Tbx4 expression. The results showed that the wing-level
paraxial mesoderm is involved in Tbx5 induction, but that the
wing-level paraxial mesoderm cannot substitute for the function
of leg-level paraxial mesoderm one in hindlimb initiation and
outgrowth. We also found that the paraxial mesoderm in the
neck region has similar or stronger effects, but the effect of the
paraxial mesoderm in the flank region is much weaker than that
of more rostral ones. These findings suggest that the paraxial
mesoderm, which has level-specific characteristics along the
rostro-caudal axis, is a source of the environmental signal
responsible for limb initiation.Fig. 1. Tbx5/Tbx4 expression in (co-)cultured explants. Forty-eight hours after
incubation, real-time PCR was performed. The relative levels of Tbx5 (A) and
Tbx4 (B) expression were plotted after being standardized with that of β-actin.
The expression of each gene in 1/125 of cDNA derived from the limb region at
stage 23 was taken as 1.0. Each experiment was repeated 5 times. Error bars
indicate standard deviation. LR, NT, NOTO, and SO indicate the leg region,
neural tube, notochord, and somites, respectively.Materials and methods
Tissue explant culture
Chick embryos were staged according to Hamburger and Hamilton
(1951). The presumptive leg region of the lateral plate mesoderm at stage
10 was estimated according to the limb region map of Chaube (1959).
Regions dissected as explants are shown in Fig. 1A. They were incubated
in tissue culture dishes (Falcon 3037) for 48 h in Ham's F-12 medium
supplemented with 10% FCS and antibiotics at 37°C in the presence of 5%
CO2. When the neural tube, the notochord or the somites was used as
explants, these tissues were treated with 2.4 U/ml Dispase (Gibco)-CMF to
separate them. In order to keep explants floating on the medium and in
close contact with each other, they were placed side by side on an Isopore
Membrane Filter (Millipore) with a pore size of 1.2 μm.
Real-time quantitative PCR
RNA was isolated from explants using an RNeasy total RNA isolation
kit (Qiagen). Quantitative analysis was performed using a Lightcycler Quick
System 330 and LC DNA Master HybProbes (Roche) for 45 cycles of a
two-step PCR amplification (Tbx5: 95°C for 15 s, 59°C for 10 s, and 72°C
for 12 s; Tbx4: 95°C for 15 s, 60°C for 15 s, and 72°C for 10 s; β-actin:
95°C for 15 s, 58°C for 10 s, and 72°C for 10 s). The amounts of amplified
PCR products were monitored in each cycle during PCR with specific
primers for each gene and a specific hybridization probe added as a
fluorescent material. Tbx5-, Tbx4- and β-actin -specific primers yielding
product sizes as indicated are Tbx5 (273 bp) [forward primer, 5′-CCGT-
CCTACAGCAGTTGCAC-3′ (20 mer); reverse primer, 5′-GCCGTGGGAA
TAGAGGAACT-3′ (20 mer)], Tbx4 (261 bp) [forward primer, 5′-CCTGCA-
TGTA CTCTGGGTCA-3′ (20 mer); reverse primer, 5′-GGTTGTAGACGC-TGAAGTGG-3′ (20 mer)], and β-actin (165 bp) [forward primer, 5′-TCTGQ
ACTGAC CGCGTTACTC-3′ (20 mer); reverse primer, 5′-CCATCA-
CACCCTGATGTCTG-3′ (20 mer)]. Specific hybridization probes of each
gene are Tbx5 [LCRed640 hybridization probe, 5′-LCRed640-TTCCAGCA-
CCAGACCTCAGTTTCTC-3′-phosphorylation (25 mer), fluorescein hybrid-
ization probe, 5′-CCCAGATAGGAG ACACCCATAGCAT-3′-fluorescein
(25 mer)], Tbx4 [LCRed640 hybridization probe, 5′-LCRed640-TGAAGTC-
CACATATTGCAGCTCAGC-3′-phosphorylation (25 mer), fluorescein hy-
bridization probe, 5′-ACACTGTAGCTGGTGTAAGGTGCGA-3′-fluorescein
(25 mer)], and β-actin [LCRed640 hybridization probe, 5′-LCRed640-AG-
CCATTGTCAACAACGAGCGC-3′-phosphorylation (22 mer), fluorescein
hybridization probe, 5′-AAACCGGCCTTGCACATACCG-3′-fluorescein (21
mer)].
Samples were run in duplicate, and reaction without cDNA was used to
establish baseline fluorescence levels. A relative standard curve representing
four 5-fold dilutions of cDNA derived from the chick limb region at stage 23
was used for logarithmic increase analysis of unknown samples. Data were
based on a threshold cycle (Ct) in which the signal was higher than that of the
background. For quantitative comparison of the gene expression, the amount of
Tbx expression was standardized with that of β-actin expression. The relative
amount of Tbx expression in 1/125 of cDNA derived from the chick limb region
at stage 23 was taken as 1.0. Gene expression in samples was compared using
Student's matched pair t test.
81D. Saito et al. / Developmental Biology 292 (2006) 79–89Experimental manipulations
In transplantation experiments, we used the paraxial mesoderm (segmental
plate and somites) taken from stages 10–17 chick embryos. The combination of
hosts and grafts for transplantation and their relative positions are shown in Fig.
2A and in Fig. 6C and Figs. 7A, F, respectively. Two somites or a segmental
plate corresponding to two somites were obtained from chick (or quail) donors
after Dispase (Gibco) treatment. The somites for grafts were classified into four
levels along the rostro-caudal axis: the neck level (somites 9 to 14), wing level
(somites 15 to 20), flank level (somites 21 to 25), and leg level (somites 26 to
32). For a host embryo, the tissue at the presumptive leg-level somite region
(stage 10) was sucked and eliminated by a micropipette in advance, and then a
tissue fragment was grafted into that region. Since there was no available fate
map for the territory corresponding to the presumptive leg-level somite region,
we performed fate mapping with DiI to estimate the territory (data not shown).
Results of DiI labeling indicated that somites 26 to 32 for the leg region areFig. 2. Schematic representation of the experimental procedure of somite
transplantation. Two right wing-level somites of a stage 12 chick were
transplanted into the right leg-level presumptive somites region of a stage 10
chick, and then embryos were incubated for 48 h. (B, C) Tbx5 expression in an
example of wing-level graft into the leg-level presumptive somites region. (B)
(dorsal view) and (C) (ventral view) show the same specimen. Tbx5 is expressed
in the leg region of the operated side (white arrow). (D, E) Tbx4 expression in an
example of wing-level graft into the leg-level presumptive somites region. (D)
(dorsal view) and (E) (ventral view) show the same specimen. Tbx4 expression
is reduced in the hindlimb region of the operated side (black arrowhead). Black
bars indicate the boundary between the flank level and leg level. L indicates the
leg region.mapped by an oval-shaped area (about 200*375 μm2) at 725 μm from the
posterior end of Hensen's node at stage 10. We used this measurement to ensure
accurate excision of host tissue for transplantation.
After a series of manipulations, the eggs were resealed and allowed to
develop at 38°C.
In situ hybridization, immunohistochemistry, and histology
Whole-mount in situ hybridization (Yonei et al., 1995; Yonei-Tamura et al.,
1999) and in situ hybridization on sections (Tamura et al., 1997) were carried out
essentially as previously described using RNA probes for chick Tbx5, Tbx4
(Saito et al., 2002), Pitx1 (Szeto et al., 1999), Wnt2b (Kawakami et al., 2001),
and Pax2 (Suetsugu et al., 2002). Plasmids for Tbx5, Tbx4, Pitx1, and Wnt2b
probes were kindly provided by Drs. J. C. Izpisua-Belmont and Y. Kawakami.
In grafting experiments, the distribution of grafted donor tissue was ensured
by immunostaining with a monoclonal antibody specific to quail cells (QCPN).
Embryos were fixed, washed in PBS, and embedded in OCT compound (Miles).
Cryostat sections (10 μm in thickness) were immunostained by overnight
incubation with primary antibodies in 2% skim milk (DIFCO)/PBS. After
several washes in PBS, sections were incubated for 2–3 h at room temperature
with a fluorescent-conjugated secondary antibody (FITC-labeled goat anti-
mouse antibody), washed several times, and mounted in VECTASHIELD
(VECTOR) prior to analysis.
For hematoxylin and eosin staining, chicken embryos were fixed with
paraformaldehyde in PBS and embedded in paraffin wax after dehydration with
ethanol and xylene. Sections (8 μm) are prepared and stained with Mayer's
hematoxylin (Wako) and eosin (Wako) solution and mounted with Entellan
(Merck).Results
Wing-level paraxial mesoderm alters expression of Tbx5 and
Tbx4 in the leg region
To get insights into the potential tissue responsible for
regulation of Tbx5/Tbx4 expression, we cultured the chick
leg region at stage 10 for 48 h in combination with each
part of medial tissues at the wing level (Fig. 1A). Since no
difference in Tbx5/Tbx4 expression was detected by using
general methods for RT-PCR and Southern hybridization
(Saito et al., 2002, and data not shown), we used a more
sensitive assay, a real-time PCR technique. When the leg
region was cultured alone as a control, expression of both
Tbx5 and Tbx4 was considerably stimulated (Figs. 1B, C,
pink bars). The finding of a higher expression level of both
Tbx5 and Tbx4 in the leg explants agrees with our previous
results (Saito et al., 2002) and suggests that the leg field is
latent in expressing both Tbx5 and Tbx4. The reason for up-
regulation of Tbx5 in the leg explants may be that the
explanted tissue was free from the inhibitory effect that the
leg-level environment had. When the leg region was
combined with the neural tube, the expression levels of
both Tbx5 and Tbx4 in the explants were significantly
reduced (Figs. 1B, C, red bars). The explants combined with
the notochord exhibited slight reduction in Tbx5 expression
level and the same level of Tbx4 expression as the control
level (Figs. 1B, C, blue bars). In contrast to these two
tissues, the level of Tbx4 expression in the explants
combined with somites was significantly lower than that in
the explants cultured alone, while the level of Tbx5
expression was almost unaltered (Figs. 1B, C, green bars).
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Tbx4 expression were similar to those of total medial tissues
at the wing level (Saito et al., 2002, and data not shown),
suggesting that the wing-level paraxial mesoderm is
responsible for the regulation of Tbx5/Tbx4 expression in
this culture system.
We next transplanted somites at the wing level into the leg-
level presumptive somites region and examined whether the
wing-level somites affect the expression of Tbx genes in the leg
bud in vivo. The wing-level paraxial mesoderm (two somites) at
stage 12 was transplanted into the presumptive leg-level somites
region at stage 10 and incubated for 48 h (Fig. 2A). In many
cases, ectopic Tbx5 expression (n = 28/38, Figs. 2B, C, see also
Table 1) and downregulation of endogenous Tbx4 expression
(n = 25/33, Figs. 2D, E, Table 1) were observed in the leg region
of the somites-transplanted side. The leg buds with ectopic
expression of Tbx5 or with reduced expression of Tbx4 were
always shortened (Figs. 2B–E, Table 1). These alterations are
not due to transplantation itself because transplantation of the
leg-level paraxial mesoderm into the leg-level presumptive
somites region did not affect Tbx5/Tbx4 expression in the leg
region (see Figs. 6H, I and 7I, J). Sham transplantation from the
wing (and neck) level to wing level did not affect Tbx5
expression and forelimb development (n = 18/18, data not
shown).
Quail-to-chick transplantation confirmed that there is no
contribution of the grafted tissue itself to the tissue that had
ectopicTbx5 expression and reduction of Tbx4 expression
(Figs. 3A–C). Cells derived from the quail graft were
observed in neither the Tbx5-positive nor Tbx4-negative
region of the transplanted leg region (Figs. 3A–C). To
eliminate the possibility of contribution of the intermediate
mesoderm and the Wolffian duct, which lie near the paraxial
mesoderm, we checked the expression of a mesonephros
marker, Pax2, in the transplanted quail graft after the same
operation. Pax2 expression was only detected in the host
mesonephros tissue, the grafted tissue being negative for
Pax2 (Figs. 3D, E). It appears therefore that the paraxial
mesoderm (somites) at the wing level can induce Tbx5Table 1
Tbx5/Tbx4 expression and limb truncation in paraxial mesoderm-grafted leg bud
Graft Embryos stained for Tbx5
Tbx5 up-regulated Leg truncation Leg truncat
in Tbx5
up-regulated
neck-so b (st.12) 17/32 (53.1%) 19/32 (59.4%) 13/17 (76.5
wing-so (st.12) 28/38 (73.7%) 33/38 (86.8%) 28/28 (100%
flank-sp c (st.12) 0/28 (0%) 6/28 (21.4%) 0/28 (0%)
leg-sp (st.12) 0/31 (0%) 0/31 (0%) 0/31 (0%)
neck-sp (st.11) 6/11 (54.5%) 7/11 (63.6%) 6/6 (100%
wing-sp (st.10) 4/16 (25.0%) 6/16 (37.5%) 4/4 (100%
flank-so (st.15) 5/22 (22.7%) 14/22 (63.6%) 5/5 (100%
leg-so (st.17) 0/18 (0%) 7/18 (38.9%) 0/18 (0%)
a Truncated leg buds out of the total embryos with altered Tbx5/Tbx4 expression
b so = somite.
c sp = segmental plate.expression and downregulate Tbx4 expression in the
presumptive leg region.
Implantation of the wing-level paraxial mesoderm affects limb
outgrowth and represses expression of Fgf8/Fgf10/Pitx1
Heterotopic displacement of the paraxial mesoderm often
greatly inhibited hindlimb outgrowth (Figs. 2B–E, 3A–C).
Hindlimbs at 7 days after the displacement were truncated
(Fig. 4A), and the cartilage pattern was considerably reduced
(Fig. 4B). In many cases, the AER structure was undetectable
after the displacement (Fig. 4C). Consistent with these
observations, expression levels of Fgf10 and Fgf8 were
reduced in the leg region of the operated side (Fgf10: n = 5/9,
Fig. 4D; Fgf8: n = 11/16, Fig. 4E). Pitx1, which is also
involved in hindlimb outgrowth (Marcil et al., 2003), was
also downregulated at 48 h after grafting of somites (n = 7/11,
Fig. 4F). To further our understanding of the relationship
between the alteration of Tbx5 expression and the repression
of Tbx4, Pitx1, and Fgf10 expression, we prepared serial
sections of the leg region of a grafted embryo. The regions in
which expression levels of Fgf10 and Pitx1 were reduced
were all Tbx5-positive and Tbx4-negative (Figs. 4G–J), but
the Tbx4-positive regions showed expression of Pitx1 and
Fgf10 (not shown). These agreements between Tbx5/Tbx4
alteration and repression of Pitx1 and Fgf10 support the idea
that these genes interact with each other.
Downregulation of Tbx4/Pitx1/Fgf10 occurs prior to ectopic
Tbx5 expression after transplantation of the wing-level
paraxial mesoderm
We next examined the onset of Tbx5 upregulation and
Tbx4/Pitx1/Fgf10 downregulation after paraxial mesoderm
displacement. Tbx5 in the leg region was first detected at 24
h after the operation (12 h: n = 0/8, Fig. 5A; 16 h: n = 0/
11, Fig. 5B; 20 h: n = 0/8, Fig. 5C; 24 h: n = 6/12, Fig.
5D), while the downregulation of Tbx4 expression was
apparent at 12 h (12 h: n = 8/9, Fig. 5E; 16 h: n = 9/10,Embryos stained for Tbx4
ion
a
Tbx4 down-regulated Leg truncation Leg truncation in Tbx4
down-regulateda
%) 24/34 (75.0%) 21/34 (61.8%) 20/24 (83.3%)
) 25/33 (75.8%) 28/33 (84.8%) 24/25 (96.0%)
8/24 (33.3%) 5/24 (20.8%) 6/8 (75.0%)
0/31 (0%) 0/31 (0%) 0/31 (0%)
) 6/10 (60.0%) 6/10 (60.0%) 6/6 (100%)
) 6/17 (35.3%) 7/17 (41.2%) 6/6 (100%)
) 6/22 (27.3%) 13/22 (59.1%) 6/6 (100%)
2/17 (11.8%) 5/17 (29.4%) 2/2 (100%)
found for each experiment.
Fig. 3. (A–C) Serial transverse sections (10 μm) at the leg level after the wing-level paraxial mesoderm of the quail had been transplanted into the leg-level
presumptive somites region of the chick. The samples were incubated 48 h after the operation and stained with Tbx5 and Tbx4 (by in situ hybridization) and QCPN (by
immunostaining). (A–C) Show Tbx4 expression, QCPN-positive quail cells and Tbx5 expression, respectively. Cells derived from the quail graft are not observed in
the Tbx5-expressing and Tbx4-reducing leg region (black arrowhead). Panels A–C are derived from the same specimen and arranged from a posterior section (A) to an
anterior one (C). High magnifications are shown in panels A′–C′, respectively. (D, E) Serial transverse sections (10 μm) at the leg level when the wing-level paraxial
mesoderm of the quail was transplanted into the leg-level presumptive somites region of the chick. The samples were incubated 24 h after the operation. An anterior
section stained for Pax2 (D) and a neighboring posterior section stained for QCPN (E) show that cells derived from the quail graft (the area surrounded by a red line in
panel D) are not observed in the Pax2-expressing region (indicated by white arrowheads in panel E). High magnifications are inserted in the lower right. NT, noto and L
indicate the neural tube, notochord and leg region, respectively.
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These data, demonstrating that Tbx5 induction is preceded
by Tbx4 downregulation, suggest that the reduction in
expression level of Tbx4 in the leg region is not due to
ectopic Tbx5 expression in the same region. Fgf10 was
downregulated at 12 h after grafting of somites (12 h:
n = 8/9, Fig. 5I; 16 h: n = 10/10, Fig. 5J; 20 h: n = 7/8,
Fig. 5K; 24 h: n = 8/13, Fig. 5L), and downregulation of
Pitx1 was observed at 16 h after grafting of somites (12 h:
n = 0/10, Fig. 5M; 16 h: n = 8/10, Fig. 5N; 20 h: n = 8/10,Fig. 5O; 24 h: n = 8/11, Fig. 5P). The finding that Pitx1
downregulation was preceded by Tbx4 downregulation
suggests that Pitx1 downregulation is not the direct cause
of Tbx4 downregulation. These results also indicate that
Fgf10/Pitx1 downregulation occurs prior to Tbx5 upregula-
tion, demonstrating that later Tbx5 upregulation cannot re-
induce Fgf10/Pitx1. The early and continuous repression of
Fgf10 may result in leg truncation as seen in Fgf10-KO
mice (Sekine et al., 1999). Since it was still possible that
not Tbx5 itself but an upstream regulator of Tbx5 could
Fig. 4. Skeletal pattern of hindlimb and gene expression pattern after heterotopic displacement of the paraxial mesoderm. (A, B) External morphology (operated leg is
indicated by black arrows in panel A) and cartilage pattern (B) of a sample after the displacement. (C) Transverse sections of a sample at 3 days after the displacement,
showing that the AER structure (indicated by arrowheads in the left panel of C) is clearly reduced in the operated leg bud (the right panel of C). (D–F) Expression
patterns of Fgf10, Fgf8, and Pitx1 48 h after the operation, respectively. Expression of all genes was reduced in the leg region of the operated side (white arrow). (G–J)
Serial transverse sections (10 μm) of the leg bud at 48 h after the displacement. (G–J) Indicate Tbx5, Tbx4, Pitx1, and Fgf10 expression, respectively. The region in
which Tbx4, Pitx1, and Fgf10 expression levels were reduced was observed in the Tbx5-expressing leg region (black arrow).
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Wnt2b, an activator of Tbx5. However, Wnt2b expression
was not detected in the leg region (12 h: n = 0/7, Fig. 5Q;
16 h: n = 0/10, Fig. 5R; 20 h: n = 0/10, Fig. 5S; 24 h:
n = 0/10, Fig. 5T). It is likely that Tbx4 downregulation
occurred independently of upregulation of the Tbx5
signaling cascade in this experiment.
Paraxial mesoderms at different levels have different effects on
expression of Tbx5 and Tbx4 in the leg region
In the chick, Tbx5 expression in the lateral plate
mesoderm is not restricted to the wing bud; this gene is
expressed in a rostro-caudally larger area than the wing
region (Figs. 6A, B). Tbx5 expression in the lateral plate
mesoderm ranges from somites 10 to 22 at stage 15 and
from somites 13 to 23 at stage 22 (the wing field
corresponds to somites 15 to 20). Thus, it is possible that
paraxial mesoderms at levels other than the wing level also
have the ability to regulate Tbx5/Tbx4 expression. To test
this possibility, somites or segmental plate at the neck,
flank, and leg levels were implanted in the leg region.
Transplanted neck-level somites induced ectopic expression
of Tbx5 (n = 17/32, Fig. 6D, see also Table 1) and reduced
Tbx4 expression (n = 24/34, Fig. 6E). The flank-levelsegmental plate did not change Tbx5 expression (n = 28/28,
Fig. 6F), but Tbx4 expression in the leg region was
downregulated in some specimens (n = 8/24, Fig. 6G),
suggesting that the flank-level segmental plate has a weak
negative effect on Tbx4. No change was seen in the
expression of Tbx5 (n = 31/31, Fig. 6H) and Tbx4 (n = 31/
31, Fig. 6I) in the leg region after transplantation of the leg-
level segmental plate.
The results of the above-described experiments suggest
that more anterior somites affect Tbx5/Tbx4 expression, but
we could not exclude the possibility that these results were
due to the extent of maturity of the paraxial mesoderm. In
order to examine this possibility, we selected stage-matched
segmental plates and somites: stage 10 for the neck region
and stage 11 for the wing region (as segmental plates, Fig.
7A), and stage 15 for the flank region and stage 17 for the
leg region (as somites, Fig. 7F). When the neck-level
segmental plate was transplanted, Tbx5 was ectopically
induced (n = 6/11, Fig. 7B), and Tbx4 was reduced (n = 6/
10, Fig. 7C). Transplantation of the wing-level segmental
plate resulted in ectopic Tbx5 expression (n = 4/16, Fig. 7D)
and Tbx4 reduction (n = 6/17, Fig. 7E). The frequency of
change in Tbx5/Tbx4 expression was lower than that in the
case of transplantation of somites (Table 1). When flank-
level somites were transplanted, about one-fourth of the
Fig. 5. Gene expression in the leg region after heterotopic displacement of the paraxial mesoderm. (A–D), (E–H), (I–L), (M–P), and (Q–T) indicate Tbx5, Tbx4,
Fgf10, Pitx1, andWnt2b expression, respectively. (A, E, I, M, Q), (B, F, J, N, R), (C, G, K, O, S), and (D, H, L, P, T) are 12, 16, 20, and 24 h after the operation. Tbx5
expression was not seen in the leg region until 20 h after grafting of somites (black arrows in panels A–C) but was seen in the wing region (black arrowheads in panels
A–C). Tbx5 expression was first detected in the leg region 24 h after the operation (white arrows in panel D), while Tbx4 and Fgf10 expression levels were reduced in
the leg region at 12 h after the operation (black staples in panels E–L). Pitx1 expression levels were reduced at 16 h after the operation (black staples in panels N–P).
EctopicWnt2b expression was not detected in the leg region after the operation (black arrows in panels Q–T) but was detected in the wing region (black arrowheads in
panels Q–T). The asterisks indicate the position of the graft.
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7G) and Tbx4 repression (n = 6/22, Fig. 7H, Table 1).
Transplantation of leg-level somites resulted in no detectable
changes in Tbx5/Tbx4 expression in almost all operated
embryos (Tbx5: n = 0/18, Fig. 7I; Tbx4: n = 2/10, Fig. 7J,
Table 1). These findings indicate that the paraxial mesoderm
has level-specific effects on Tbx5/Tbx4 expression regardless
of the developmental stage (or maturity) of this tissue, and,
taken together with the fact that the unsegmented mesodermshowed little activity on Tbx5/Tbx4 expression in the co-
culture system we used in Fig. 1 (not shown), it is likely
that the somites are more effective than the unsegmented
mesoderm. In a series of experiments whose results are
shown in Figs. 6 and 7, we sometimes observed truncated
leg buds (see Table 1). We checked Fgf10 and Fgf8
expression in some defected leg buds after transplantation of
somites and segmental plates of various stages, and
downregulation of both genes was observed (not shown).
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Paraxial mesoderm regulates Tbx5/Tbx4/Pitx1 expression
Chimera analyses (Fig. 3) revealed that the grafted wing-
level paraxial tissue, which includes somites but no intermedi-
ate/lateral mesoderm, affects Tbx5/Tbx4/Pitx1 expression in the
leg region. Combined with the data of tissue recombinationculture in vitro, our results demonstrate that the wing-level
paraxial mesoderm has the potential to regulate Tbx5/Tbx4/
Pitx1 expression. Since these genes are thought to be involved
in level-specific limb initiation, our results suggest that the
paraxial mesoderm plays a role in limb positioning through
regulating Tbx5/Tbx4/Pitx1 expression. The ability to regulate
Tbx5/Tbx4/Pitx1 expression appears to be maintained in the
paraxial mesoderm at the wing level for a while during
development because transplantation of the segmental plate as
well as segmented somites at the wing level resulted in Tbx5
induction and Tbx4 repression (Fig. 6). Transplantation of the
paraxial mesoderm from various levels revealed that not only
the wing level but also the neighboring neck and flank levels of
the paraxial mesoderm have similar ability to regulate Tbx5/
Tbx4/Pitx1 expression (Figs. 6 and 7). During normal
development, the Tbx5-expressing region in the lateral plate
mesoderm is not restricted to the wing region but extends
through the posterior neck to the anterior flank, and it is possible
that the activity that induces Tbx5 and represses Tbx4 and Pitx1
is distributed with a gradation in the anterior trunk region, in
order to establish region-specific expression of Tbx5 in the
lateral plate mesoderm. Although the molecular nature of this
activity remains unclear, a diffusible factor(s) must mediate the
information between paraxial and lateral mesoderms since they
are discontinuous in normal development. Information from the
paraxial mesoderm to the lateral plate mesoderm might include
several signaling pathways because our data suggested that
Tbx4 and Pitx1 downregulation after paraxial mesoderm
displacement occurred independently of Tbx5 induction. It has
been postulated that Hox genes determine the positioning of the
forelimb and hindlimb buds (Burke et al., 1995; Rancourt et al.,
1995; Cohn and Tickle, 1999; Cohn et al., 1997) and the limb-
type identity (Cohn et al., 1997; Minguillon et al., 2005), and it
is therefore possible that position-specific expression of the
diffusible factor(s) in the paraxial mesoderm could be mediated
by a combinatorial ‘Hox code’ along the rostro-caudal axis. We
predict that the Hox code in the paraxial mesoderm regulates
downstream cascades to influence the rostro-caudal patterning
in the lateral plate.Fig. 6. (A, B) Expression patterns of Tbx5 in normal development at stage 15 and
stage 23, respectively. These embryos were counter-stained by Fgf8 in order to
visualize somites. Wing bud positions are located at the 15–20 somite level
(black arrowheads). Tbx5 expression in the lateral plate mesoderm ranges from
the 10 somite level to 22 somite level at stage 15 (white arrowheads) and from the
13 to 23 level at stage 22 (white arrowheads). (C) Schematic representation of the
experimental procedure. Right neck-level somites (D, E), flank-level segmental
plate (F, G), or leg-level segmental plate (H, I) at stage 12 was transplanted into
the right leg-level presumptive somites region at stage 10, and then embryoswere
incubated for 48 h. (D–I) Expression patterns of Tbx5 (D, F, H) and Tbx4 (E, G, I)
after the heterotopic displacement of the paraxial mesoderm. (D, E) Tbx5 was
ectopically expressed (white arrow in panel D), and Tbx4 was reduced (white
arrowhead in panel E) in the leg region. (F, G) Tbx5 was never expressed in the
leg region (black arrow in F), but some samples exhibited Tbx4 downregulation
(white arrowhead in panel G). (H, I) Tbx5 expression (black arrow in panel H)
and Tbx4 reduction (black arrowhead in I) were not detected in the leg region in
any cases. Black bars in panels D–I indicate the boundary between the flank level
and leg level. L indicates the leg region.
Fig. 7. (A, F) Schematic representations of the experimental procedure. In
panel A, a right neck-level segmental plate of stage 10 (B, C) or wing-level
segmental plate of stage 11 (D, E) was transplanted into the right leg-level
presumptive somites region of stage 10. In panel F, right flank-level somites of
stage 15 (G, H) or leg-level somites of stage 17 (I, J) were transplanted into the
right leg-level presumptive somites region of stage 10. Expression patterns of
Tbx5 and Tbx4 in the leg region are shown in panels B, D, G, I and C, E, H, J,
respectively. Ectopic expression of Tbx5 and downregulated Tbx4 expression
are indicated by black arrows and white arrowheads, respectively. Black bars
indicate the boundary between the flank level and leg level. L indicates the leg
region.
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differentially along the rostro-caudal axis
Transplantation of the paraxial mesoderm into the leg-level
presumptive somites region often caused leg malformation. The
leg malformation was accompanied by both Tbx5 induction and
Tbx4 and Pitx1 repression in many cases (Fig. 5, Table 1). These
results demonstrate that the wing-level paraxial mesoderm
cannot substitute for the function of leg-level paraxial
mesoderm in leg initiation and outgrowth. Of course, the
wing-level paraxial mesoderm never inhibits wing initiation and
outgrowth during normal development, and sham transplanta-
tion from the wing level to wing level does not affect forelimb
development (data not shown); rather, somites are thought to be
required for limb outgrowth (Kieny, 1969; Pinot, 1970).
Therefore, it is very likely that the wing and leg levels of the
paraxial mesoderm differentially regulate limb initiation and
outgrowth. Although the wing-level paraxial mesoderm in-
duced Tbx5 ectopically in the leg region, it inhibited leg
outgrowth. This seems critical given the results of recent
experiments by Minguillon et al. (2005), suggesting that Tbx5
and Tbx4 share an exchangeable function in limb initiation and
outgrowth. One explanation for this disagreement is that Tbx5
cannot substitute the function of Pitx1, an essential factor for
hindlimb development (Marcil et al., 2003) that was also
downregulated in our experiments. It is also possible that the
role of Tbx4 in leg outgrowth cannot be compensated for by
Tbx5, while the role of Tbx5 in wing outgrowth can be
compensated for by Tbx4 as shown by Minguillon et al. (2005).
One alternative explanation is that the leg malformation in our
experiments may be due to failure of Fgf10 and Fgf8 function,
which may be downregulated independently of Tbx5 upregula-
tion. Downregulation of Fgf10 expression (at 12 h after trans-
plantation) occurs prior to upregulation of Tbx5 (at 24 h after
transplantation), and the time lag from onset of downregulation
of Fgf10 to onset of Tbx5 upregulation is at least 12 h (Fig. 4). At
24 h after transplantation, embryos reach about stage 18–19,
and Tbx5 induction at this stage may be too late to re-induce
Fgf10 and compensate for the leg outgrowth. Alternatively, this
abnormal situation (no Fgf10 and no Tbx5/Tbx4/Pitx1) for 12
h might be critically inappropriate for initiation of limb out-
growth. Regardless of which is the case, our findings suggest
that appropriate position of the paraxial mesoderm controls
forelimb and hindlimb initiation/outgrowth, and it would be
interesting to further examine the molecular nature of how
wing-level somites regulate limb initiation factors such as Wnts
and Fgfs.
Relationship between tissues specifies the body plan along the
rostro-caudal axis
Somites along the rostro-caudal axis are morphologically
homologous or even identical. However, somites undergo
distinct regionalization, resulting in rostro-caudal level-specific
patterns (cervical, thoracic, lumbar, and sacral levels, for
example), and each somite becomes obvious and distinct
somitic derivatives such as vertebrae (see Burke, 2000;
88 D. Saito et al. / Developmental Biology 292 (2006) 79–89Takahashi, 2005 and references therein). Moreover, each level
of somites not only makes a level-specific structure but also
appears to influence surrounding tissues to give rise to a
position-specific structure along the rostro-caudal axis. Results
of heterotopic transplantation experiments have provided
support for the speculation of interaction between the paraxial
mesoderm and other tissues. We can see some examples in
neural identification along the rostro-caudal axis (Itasaki et al.,
1996; Gould et al., 1998; Liu et al., 2001; Muhr et al., 1997,
1999; Ensini et al., 1998; Guidado et al., 2003). We have
demonstrated in this study that the rostro-caudal differences in
the paraxial mesoderm dictate the rostro-caudal patterning of
the lateral plate mesoderm. Interestingly, the forelimb and
hindlimb are known to be always located at the cervical-to-
thoracic transition and the lumbar-to-sacral transition (Burke,
2000; Nowicki and Burke, 2000), suggesting that positioning
of the forelimb and hindlimb aligns with patterning in the
paraxial mesoderm along the rostro-caudal axis. We can safely
say that the paraxial mesoderm has a major role in syn-
chronizing development of each tissue along the rostro-caudal
axis.
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